We describe the computer codes, developed at Vilnius University, for the calculation of electron-impact excitation cross sections, collision strengths, and excitation rates in the plane-wave Born approximation. These codes utilize the multireference atomic wavefunctions which are also adopted to calculate radiative transition parameters of complex many-electron ions. This leads to consistent data sets suitable in plasma modelling codes. Two versions of electron scattering codes are considered in the present work, both of them employing configuration interaction method for inclusion of correlation effects and Breit-Pauli approximation to account for relativistic effects. These versions difer only by one-electron radial orbitals, where the first one employs the nonrelativistic numerical radial orbitals, while the other version uses the quasirelativistic radial orbitals. The accuracy of produced results is assessed by comparing radiative transition and electron-impact excitation data for neutral hydrogen, helium, and lithium atoms as well as highly charged tungsten ions with theoretical and experimental data available from other sources.
Introduction
In modelling both high temperature plasma (stellar atmosphere, nuclear fusion) and low temperature plasma, such as planetary nebulae, working material of spectroscopic and medical devices, one needs data on free-electron interaction with atoms and ions. For the consistency of plasma models, it is highly desirable that such data are calculated within the same approximation, using the identical multireference atomic wavefunctions, applying the same methods to include relativistic and correlation corrections as it has been done in production of spectroscopic data, such as energy levels, oscillator strengths, and radiative transition probabilities.
Over many years, original methods and computer codes designated to calculate various spectral parameters of atoms and ions have been developed in the Department of Atomic Theory, Institute of Theoretical Physics and Astronomy, Vilnius University [1, 2] . Currently, these codes have been supplemented with our new codes computing electron-impact excitation parameters for ions in the plane-wave Born approximation. The main purpose of this development is to establish a consistent and complete set of data necessary for plasma spectra modelling. Such a set will be suitable for our newly developed database ADAMANT (Applicable DAta of Many-electron Atom eNergies and Transitions), where the main requirement is to produce data sets within the same atomic wavefunctions base, hence, simplifying an application of these data in modelling codes. In Section 2 of the present work, for the first time we describe the implemented calculation methods. Further, in Section 3, we describe the algorithms implemented in our computer codes.
Developed methods and computer codes are equipped to calculate many-electron atoms and ions with open s-, p-, d-, and f-shells when consistent inclusion of the correlation effects is necessary. It is important to perform calculation of the electron-impact excitation parameters using an extensive configuration interaction basis in order to match them to other spectroscopic parameters, such as energy levels, transition probabilities, oscillator strengths, determined in the same approximation and similar accuracy. These codes will be employed in cases when the adaption of other more accurate theoretical methods, such as R-matrix approximation (RM) or converged close-couling approximation (CCC)), is very difficult or even impossible due to a complex atomic structure (e. g. for heavy multicharged ions). The plane-wave Born approximation to calculate the electron-impact excitation parameters was chosen as a suitable one by the developers of theAtomic Data and Analysis System the (ADAS), see [3] . ADAS needs the data for complex tungsten ions which cannot be determined using other approximations.
In the current work, in order to benchmark the adopted approximations and developed codes, we present the investigation of the electron-impact excitation cross sections for light atoms, namely H, He, and Li. There is a substantial amount of atomic structure and electron-atom interaction data for these atoms, both theoretical and experimental ones. Most of them can be found in the NIST Atomic Spectra Database [4] , the NIST Electron-Impact Excitation Cross Sections Database [5] , and the CCC database [6] . We choose H, He, and Li atoms for comparison since these are the only atoms having electron-impact excitation data in the NIST database [5] which usually contains only very reliable parameters. We have performed our calculation by employing both the non-relativistic radial orbitals and the quasirelativistic ones. Determined results are compared in Section 4. Conclusions are presented in the final Section.
Description of adopted method
The total cross section σ, describing the interaction of an incident electron having the energy ε with an atom, for the excitation from the energy level K 0 λ 0 J 0 to the level K 1 λ 1 J 1 is expressed as a sum of the excitation cross sections with different ranks κ:
Here K denotes electronic configuration, λ denotes level number, J stands for the total angular momentum, and ε is the energy of incident electron. Contrary to the case of radiative transitions, σ κ does not contain the fine-structure parameter α, and the summation in (1) must be performed over all possible ranks κ. This summation must be performed over even or odd κ values, depending on the parity of the initial and final levels, including κ = 0, if the excitation process does not change their parity. The rank κ must satisfy the triangular condition with the even perimeter (J 0 , κ, J 1 ). The excitation cross section σ κ of any rank κ is expressed using the matrix element S κ of electron-impact excitation operator:
Here a 0 = 0.5291772 × 10 -10 m is atomic length unit. We must underline that all our calculations are performed in the system of atomic units. Integration is performed over the difference of the electron momenta; k 0 is the momentum of an incident electron, and k is the momentum of an outgoing electron.
Our developed methods and computer codes determine cross sections for transitions between different energy levels by employing multiconfigurational multi-term wavefunctions in LSJ-coupling:
Here TLS denote the intermediate and final orbital and spin-angular momenta for the pure LSJ-coupling wavefunction, and x denotes coordinates of all electrons of the wavefunction Ψ. In this case, the matrix element of the electron-impact excitation operator is expressed by relation
In this approximation, the excitation process does not change the term multiplicity S. The matrix elements for the excitation process in pure LSJ-coupling can be described by a product
is an angular integral for the matrix element of the electric multipole transition operator of the rank κ, which can be determined using the code [7] developed for the calculation of the radiative transition matrix elements. Therefore, the rank κ must satisfy the triangular condition with the even perimeter (L 0 , κ, L 1 ). The expression for Q κ also includes sub-matrix elements of the spherical function, consequently, an additional triangular condition with the even parameter ( i , κ,  
where the element in curly brackets denotes the 6j-
where P(n|r) denotes a one-electron radial orbital of the initial and the final state of an electron, δ κ0 is a Kronecker delta function, and j κ (qr) is a spherical Bessel function [8] :
Finally, we can define an expression for the total electron-impact excitation cross section: 
From (9) one can see that the expression for the electron-impact excitation cross section has a similar structure and analogous angular integrals compared to calculation of the radiative transition probabilities. Nevertheless, the radial part in the electron-impact excitation cross section expression is much more complex. There is a double integral and sum over all possible ranks κ instead of one single integral. Moreover, calculations must be performed for various energies of the incident electron ε. These energies are usually expressed using the excitation threshold energies, which are determined as a difference between the energies of the final and initial levels. Consequently, there is a different set of free-electron energies for each excitation channel. Therefore, a special attention should be paid in order to simplify and speed up calculation of the radial integrals for the excitation cross sections.
Calculation algorithm
At first, we determine all necessary angular integrals Q κ (KTLS, K'T'L'S) for the matrix element of the transition operator. In order to avoid repetitive calculations of the radial integrals with close values of the parameter q, we exploit interpolation of radial integrals. For this purpose, we determine the minimum and maximum values of q from the initial information about the investigated excitation. Within these limits, a grid of 1001 q-values is generated. Since the functions in the calculated integral are more sensitive at the lower parameter values, this grid of q-values is formed using a logarithmic step. Next, a two-dimensional grid of q and the radial variable r products is generated. A grid for the Bessel function (8) is determined according to the grid of the parameter q · r for all necessary rank κ values, starting with κ = 0. After the Bessel function grid is generated, all the possible integrals (7) are determined for given q values. These computations do not require too much time even if the quantities of the parameter q and radial variable r values are large.
After the R κ grid is determined, electron-impact excitation cross sections can be produced. In most cases, the incident electron energies ε are introduced in the excitation threshold units. Nevertheless, there is a possibility in our code to define a different energy grid. A grid of the parameter q is determined for each incident electron energy in order to perform integration in (2) . As in the previous case, this grid has a logarithmic step. We have performed a computational experiment and have determined that a desirable accuracy can be achieved if the Simpson's rule [9] is applied for the integral when a number of points is as low as 25. The in-
, which are necessary for calculation of the electron-impact excitation matrix elements in (5) , are determined by interpolating their values according to the previously generated values. Only the nearest four points are required for this interpolation. Integration over the parameter q is performed for the determined matrix element. Further, the calculated σ κ (K 0 λ 0 J 0 , K 1 λ 1 J 1 , ε) values are summed over all possible ranks κ as in (1), and the total electron-impact excitation cross section is determined. We are performing parallel computing for the cross sections of different ranks κ in order to accelerate production of results.
The above described calculation method is realized in two computer codes. One of these codes exploits the non-relativistic Hartree-Fock (HF) radial orbitals. Another one employs the numerical quasirelativistic (QR) radial orbitals. . Such complex systems require to deal correctly with both relativistic corrections and correlation effects. Unfortunately, there are no reliable experimental or theoretical data for such complex systems published so far. Furthermore, in order to benchmark these newly developed codes, we have performed calculation of the electron-impact excitation cross sections for three light neutral atoms, namely, hydrogen, helium and lithium. Some data for the W 45+ ion were also calculated and . compared with calculations performed using a more sophisticated R-matrix method in the next section. Finally, we demonstrate abilities of our computer codes by presenting the electron-impact excitation cross sections for several low-ionization stages of tungsten ions.
Results and discussions
The NIST database [5] contains the total electron-impact cross sections for the transitions from the ground configuration with one level to an excited configuration rather than to separate levels. Our computer codes are designed to determine cross sections for the transitions between the individual levels of many-electron atoms and ions (9) . Therefore, the results determined in the present work were summed over all levels of the final configuration. In the general case, a cross section averaging is performed by applying the expression:
. (10) The most of the data for comparison with our results are taken from [10] . The electron-impact excitation cross sections in that work are scaled (BE-scaling) according to a method developed for neutral atoms in [11] :
Here B is the ionization energy of the initial level, E is the transition energy. Such a scaling significantly alters cross section values, particularly those at the energies close to the excitation threshold. This leads to a substantially better agreement between theoretical results and experimental data. Since the scaled data for cross sections are presented in [10] , we utilize the BE-scaling for all our results in the current work. Likewise in [10] , we utilize the B values from [5] , and these values agree favourably with our theoretical results. For the transition energy E, we have utilized our ab initio energy values. The electron-impact excitation cross sections in [10] were computed using the one-configuration Dirac-Fock approximation. Therefore, in order to improve the accuracy of calculated data, the authors introduced an additional f-scaling:
where the ratio of oscillator strengths was applied.
Here f sc is a theoretical (one-configuration approximation) oscillator strength, and f ac is a high-accuracy oscillator strength from [4] . Since the multiconfiguration approximation is employed in the present work, the fscaling is not performed for production of our results. For comparison with the results from [10] , we introduce a mean-square deviation MSD defined as
where σ BE,f (K 0 , K 1 , ε n ) stands for the data from [10] , σ BE (K 0 , K 1 , ε n ) is our calculated cross section results. Summations were performed for all electron energies ε n presented in the NIST database.
Excitation of hydrogen atom
We have investigated the electron-impact excitation of the 1s electron to the 2p, 3p, and 4p states. As one can expect, an agreement with data from [10] is excellent for all three transitions within the complete energy range. Both the HF and the QR results display MSD = 0.22% for these three transitions, and our results are slightly lower than the data from [10] . The deviations for the 1s-2p excitation are larger at the beginning of the investigated energy range, where the deviations are approximately 0.43% at ε = 11 eV, and at the end of the presented energy range, where the deviations are roughly 0.82% at ε = 3000 eV. In the middle of the energy range, the deviations do not exceed 0.12%. A completely similar situation is for the excitation to the 3p state. For excitation to the 4p state, the deviations at the low and at the high energy end increase, but this increase does not change MSD noticeably. In Table 1 we present the electron-impact excitation cross sections of a hydrogen atom for the cases where it is possible to make comparison with the data produced by several authors. For our data, we present only the HF results because, as one can expect, the difference between our HF and QR results appears only in the fifth or sixth significant digit. We present the theoretical results determined using the method [6] and the experimental data from [12] . It is not unusual that our data agree better with the data from [10] rather than with those from [6] . Their agreement with the experimental data from [12] is within error limits.
Excitation of helium atom
We determined the cross sections of electron-impact excitation from the 1s shell to the 2p and 3p shells. Our in a potential of the frozen 1s electron. The determined radial orbital basis was complemented with the transformed radial orbitals (TRO) [2, 13] , which described virtual electron excitations and had the principal quantum number values 4 ≤ n ≤ 9 and all possible values of the orbital momentum . Consistent with our other calculations, we employed the same radial orbital basis both for the even-parity and odd-parity configurations. Therefore, we can avoid problems related to the non-orthogonality of radial orbitals.
The correlation effects are included within the configuration interaction (CI) approach. We selected admixed configurations which had averaged weights, calculated in the second order of perturbation theory [12] , larger than 10 -10 in the wavefunction expansions of the adjusted configurations 1s2s, 1s2p, and 1s3p by applying the method described in [14, 15] . We can adopt such a minute selection criteria, because our investigated configurations have only two electrons. Therefore, the constructed Hamiltonian matrices are relatively small. We apply Breit-Pauli approximation to include relativistic effects. Furthermore, the parameters of radiative transitions and electron-impact excitations are calculated after the eigenvalues and the eigenfunctions are determined. Our QR+CI approximation results are obtained in a very similar way, but this time the quasirelativistic equations [16] [17] [18] are solved instead of Hartree-Fock equations in order to determine the one-electron radial orbitals.
The investigated energy levels and their radiative dipole emission transition probabilities to the ground level are given in Table 2 . We present only those levels which can be excited by electron impact from the ground level via the dipole transitions. For the He atom, our calculated results are compared with those from the NIST database. Those data were determined using high-accuracy calculations for the helium isotopes [19] . It is evident from Table 2 that our theoretical level energies agree very well with NIST data. The deviations reach only a few one-tenths of cm -1 . Although the relativistic effects for the helium atom are small, our QR+CI calculations give more accurate energy level values. Similar high accuracy is evident for the emission transition probabilities when they are compared with the data from compilation [20] . The accuracy of HF results were obtained in the following way. First of all, the Hartree-Fock equations were solved for the 1s2s configuration of a helium atom. At the next step, the equations for the 2p, 3s, and 3p electrons were solved the QR+CI results is fine even for the intercombination transition 1s2p 3 P 1 -1s 2 1 S 0 . Our cross sections agree well with the data from [10] for the 1s-2p excitation. Some larger deviations, reaching a few percent, are noticeable only for the low incident electron energies ε. Otherwise, these deviations are significantly lower than 1%. Consequently, the mean-square deviations from all data contained in the NIST database [10] are 1.2% for the HF+CI approximation, and MSD = 2.6% for the QR+CI approximation. The larger MSD value for the quasirelativistic case is caused by more than two times larger deviations, compared to the HF+CI approximation, at low electron energies (ε < 50 eV). The deviations from the compiled data [10] both for the QR+CI and for the HF+CI results are of similar size at higher electron energies.
We compare our results with the data from other authors in Table 3 . As in Table 1 , we display only those electron energies for which there are data obtained using different methods. Such are the theoretical results from [6, 21] , the experimental data from [21] [22] [23] , and the recommended values (RV) from [24] . One can see from Table 3 that our results are closer to those from [10] than to other theoretical data. This can be explained by the fact that we adopt the same scaling procedure (11) as in [10] . Unfortunately, we cannot achieve close agreement to the recommended values (RV) [24] , especially at low electron energies.
For the 1s-3p excitation, our results agree with those from [10] slightly worse compared to the 1s-2p excitation results. Here MSD = 3.7% in the HF approach, and MSD = 4.2% in the quasirelativistic approach. It is interesting that agreement for this transition is better at lower energies, but it exceeds 4% and 5%, correspondingly, at high electron energies. Our HF+CI cross section values are slightly larger than those from [10] , whereas the QR+CI data are slightly smaller at low energies, but they become larger at higher electron energies. The electron-impact excitation cross sections are tabulated in Table 4 , where we present the theoretical data (CCC) from [6] , the experimental data from [22, 23] , and the recommended values from [25] . The fact that our calculated values are larger than those from [10] brings them closer to the recommended data from [25] .
Excitation of lithium atom
For the lithium atom, we investigated the excitation of the 2s electron to the 2p and 3p shells. Calculations were performed in the following way. First of all, the HartreeFock equations were solved for the 1s 2 2s configuration. Afterward, the equations for the 2p, 3s, 3p, and 3d electrons were solved in a frozen-core potential. This basis of radial orbitals was complemented with the TRO describing virtual electron excitations for the principal quantum number 4 ≤ n ≤ 11 and for all possible values of the orbital quantum number .
We selected all admixed configurations which have their averaged weights [12] larger than 10 -15 in the adjusted configurations 1s compared to the calculation of He atoms described in Sec. 4.2, was necessary in order to ensure the convergence of the 3p-2s transition probability. The determined energy levels and the transition probabilities A are presented in Table 5 . One can see that agreement of the energy level values with data from the NIST database is rather good. Agreement of the 2p-2s transition probability values with the compilation data from [20] is fine, too. For the 3p-2s transition, we cannot achieve such an agreement, and the discrepancy of our data is approximately 6%. The cross sections for the electron-impact excitation of the 2s-2p transition are presented in Table 6 . One can see that our results completely agree with the data from [10] . For the most of calculated energies, the deviations from the NIST database values are less than 0.5%. For the HF+CI calculations, MSD = 0.55%, and for the QR+CI calculations, MSD = 0.66%. Their agreement with the experimental data from [26] [27] [28] is fine, too. Some larger deviations appear at the electron energies lower than 3 eV. Deviations from the theoretical data [29] are more noticeable. The reason for this discrepancy is that the BE, f-reduction procedure has not been applied in [29] . A completely different situation is observed for the 2s-3p excitation by electron impact. The cross sections of this process are presented in Table 7 . Our HF+CI electron-impact excitation cross section values. The overestimated cross section σ BE,f values in [10] can be a consequence of the f-scaling procedure applied in that work. This is caused by the situation where the E1 transition probability is proportional to the matrix element of the ‹ r 1 › operator which is more important at longer distances. Meanwhile, when calculating the electronimpact excitation cross sections, one needs to apply the ‹ f 1 (qr) › operator which has a maximum located closer to a nucleus.
Unfortunately, we could not find any additional references on the experimental data or the calculation results of the 2s-3p excitation of Li atoms.
Excitation of tungsten ions
Previous comparisons for H, He, and Li demonstrate that the applied method is able to produce good-quality results for light neutral atoms. Described computer codes are mainly targeted for the production of electron scattering parameters for substantially more complex many-electron ions where it is very difficult to apply more accurate approximations and calculation methods developed for the electron-ion collision processes. In such a case, it is not a simple task even to determine correct and inclusive-enough CI wavefunction expansion for the considered target system. The problems increase even more when one has to consider the target+electron system containing significantly [10] . It is important to notice that the 3p-2s radiative transition probability A values can change significantly depending on the composition of the radial orbital basis and the amount of admixed configurations. Our calculated values converge to the data presented in Table 5 only after the CI expansion basis is made very large. At the same time, the electronimpact excitation cross section values have been rather stable and practically have not changed following the increase of the wavefunction basis, after all the most important admixed configurations have been included. We do not apply the f-reduction (12) for our data because the difference between our radiative transition probabilities and the data from [10] is only 6%, and the transition energies agree really well. Therefore, that reduction cannot alter significantly our calculated more configurations. This is the main reason why there are not so many data determined in R-matrix or CCC approach for heavy ions. Therefore, application of a rather simple approximation, such as plane-wave Born, for the scattering process description becomes the most optimal, if not the only possible way so far to determine necessary data.
There are just a few data sources of collision data for complex many-electron tungsten ions. In [30] the results of fully relativistic, radiatively damped Rmatrix calculations for W 44+ and W 45+ are presented. The authors in [30] were able to perform such kind of scattering calculations for these ions because of a relatively small number of levels in the target expansion. We compare data from [30] to our calculation for the W 45+ in Fig. 1 . The threshold energy for this transition ΔE = 97.275 eV agrees very well with data from [30] where ΔE = 97.233 eV. Similarly, the radiative transition probability in [30] A = 5.07 × 10 10 s -1 is very close to our determined value of A = 5.04 × 10 10 s -1 (the deviation is just 0.6%).
One can clearly see two different trends in that comparison. At the higher-energy end (E > 300 eV), the deviations are reasonably small, and they differ just by a few percent when the incident electron energy is above 800 eV. At the low incoming electron energies (E < 300 eV), the difference between our data and R-matrix values is significant. The R-matrix calculation data are some 2.5 times larger than our cross section values at E = 125 eV, where cross sections reach maximum values. But that difference falls sharply when the incident electron energy increases. There are two main reasons for such a behaviour. The R-matrix electron-impact excitation cross-section contains abundance of resonances which reflect excitation through autoionizing levels of the W 44+ ion. These resonances are located near the excitation threshold; therefore, they can make up 20-25% of the convoluted cross section value, as one can see from Fig. 4 in [30] . Another reason is that there is a strong interaction between incident free electron and the bound electrons of the W 45+ ion. This interaction cannot be included in the plane-wave approximation adopted in the current work. Such an omission leads to smaller cross section values in our calculation. It is necessary to underline that quite a large electron energy range is required when collision rates are determined. That leads to a rather small difference (especially at higher temperatures) in determined rate values applied in high-temperature plasma modelling.
Even more complicated calculations are required when low ionization stages of tungsten ions are investigated. We have performed electron-impact excitation cross section calculations for several isoelectronic sequences such as Tm-, Yb-, Lu-, Hf-like ions including W 2+ -W 5+ ions. Data for these ions are important in fusion plasma spectra modelling. We have determined both the spectroscopic parameters (energy levels, transition wavelengths, radiative transition probabilities) and the electron-impact excitation parameters (collision strengths, cross sections, collision rates) for several ions of these sequences. Our data are incorporated in Atomic Data and Analysis System (ADAS) [3] as the basic parameters and are utilized to determine the derived parameters for various plasma conditions.
To demonstrate the abilities of our developed computer codes, we present several plots of the electronimpact excitation cross sections for the tungsten ions ranging from W 5+ to W 2+ . Our performed calculation involves a large number of excitations involving levels of these ions. All possible excitation transitions involving several hundreds of levels are considered. Plots given in the present paper are given for demonstration purpose. Figures 2 and 3 , we present only the excitation parameters from the ground level in Figs. 4-6 , although much more data are produced. For example, we consider the lowest 293 levels in W 2+ and transitions among them. 
Summary and conclusions
The performed calculations of the electron-impact excitation data and their analysis have demonstrated that the computational methods implemented in our newly developed computer codes are suitable to produce the electron-impact excitation cross sections and related parameters, such as the electron-impact collision strengths or collision rates. One can expect that such data for other ions will be reliable enough.
Based on good agreement of the radiative transition probabilities with existing data, we expect that our determined electron-impact excitation cross sections for the 2s-3p transition in the Li atom are accurate enough. The comparison of cross sections for W 45+ leads to a conclusion that the calculated parameters even for highly charged ions can be applied in hightemperature fusion plasma spectra modelling. Significant deviations from earlier published results can be explained by the fact that radiative transition partameters are influenced by inclusion of correlation corrections differently compared to excitation cross sections. Therefore, a simple normalization described by Eq. (12) in [10] is not well-grounded.
We are planning to incorporate results of such calculations (together with other spectroscopic parameters) into the newly developed database ADA-MANT when the electron-impact excitation processes in various many-electron atoms and ions with open s-, p-, d-, and f-shells are considered.
